Inwardly rectifying potassium channels (Kir channels) control cell membrane K ؉ fluxes and electrical signaling in diverse cell types. Heterozygous mutations in the human Kir6.2 gene (KCNJ11), the pore-forming subunit of the ATP-sensitive (KATP) channel, cause permanent neonatal diabetes mellitus (PNDM). For some mutations, PNDM is accompanied by marked developmental delay, muscle weakness, and epilepsy (severe disease). To determine the molecular basis of these different phenotypes, we expressed wild-type or mutant (R201C, Q52R, or V59G) Kir6.2͞sulfonylurea receptor 1 channels in Xenopus oocytes. All mutations increased resting whole-cell K ATP currents by reducing channel inhibition by ATP, but, in the simulated heterozygous state, mutations causing PNDM alone (R201C) produced smaller K ATP currents and less change in ATP sensitivity than mutations associated with severe disease (Q52R and V59G). This finding suggests that increased KATP currents hyperpolarize pancreatic beta cells and impair insulin secretion, whereas larger KATP currents are required to influence extrapancreatic cell function. We found that mutations causing PNDM alone impair ATP sensitivity directly (at the binding site), whereas those associated with severe disease act indirectly by biasing the channel conformation toward the open state. The effect of the mutation on ATP sensitivity in the heterozygous state reflects the different contributions of a single subunit in the Kir6.2 tetramer to ATP inhibition and to the energy of the open state. Our results also show that mutations in the slide helix of Kir6.2 (V59G) influence the channel kinetics, providing evidence that this domain is involved in Kir channel gating, and suggest that the efficacy of sulfonylurea therapy in PNDM may vary with genotype.
A TP-sensitive potassium channels (K ATP channels) control electrical signaling in diverse cell types by coupling cellular metabolism to potassium movement across cell membranes. In pancreatic beta cells, K ATP channels link changes in blood glucose concentration to insulin secretion (1); in brain, they contribute to glucose sensing and seizure protection, in cardiac muscle they protect against ischemic stress; and in skeletal muscle, they influence tone (1) . K ATP channels comprise four pore-forming inwardly rectifying potassium channel (Kir channel) 6.2 subunits and four regulatory sulfonylurea receptor (SUR) subunits (2) . The SUR1 isoform is found in beta cells. ATP binding to Kir6.2 closes the channel, whereas interaction of Mg-nucleotides with SUR1 opens it (3). Consequently, increased metabolism leads to channel closure, membrane depolarization, and electrical activity and, conversely, metabolic inhibition opens K ATP channels and suppresses electrical activity (see Fig. 1 A) .
Mutations in the human Kir6.2 gene (KCNJ11) were recently identified that severely impair insulin secretion and lead to permanent neonatal diabetes mellitus (PNDM) (4) (5) (6) . One class of mutations produces only PNDM, and we refer to this as ''mild'' disease. The other is associated with a more severe phenotype in which PNDM is accompanied by marked developmental delay, muscle weakness, and epilepsy (4) (5) (6) . We refer to this as severe disease. Of the 27 patients with Kir6.2 mutations studied to date, Ϸ30% had neurological problems.
Fig. 1B maps some of the mutations associated with PNDM onto a homology model of Kir6.2 (7) . Two mutations in the same residue (R201H and R201C), which lies in the putative ATPbinding site (7, 8) , cause mild disease. In contrast, the mutations Q52R, V59M, and V59G, which are associated with severe disease, lie some distance from the ATP-binding site, within the N-terminal region of the protein; moreover, V59 lies within the ''slide helix,'' a domain postulated to be involved in the opening and closing (gating) of Kir channels (7) .
Previous work has shown that mutation of R201 to histidine decreases the ATP sensitivity of the K ATP channel (4) . However, all patients identified to date are heterozygotes, and no obvious loss of ATP sensitivity was observed when the heterozygous state was simulated by coinjection of R201H and wild-type Kir6.2 (4). The cause of PNDM was therefore unclear. Furthermore, the reason why some mutations are associated with muscle weakness, developmental delay, and epilepsy has not been addressed. In this paper, we compare the functional effects of mutations associated with severe disease (Q52R and V59G) with those that cause mild disease (R201C and R201H).
Materials and Methods
Mutagenesis and RNA Preparation. Human Kir6.2 (GenBank accession no. NM000525) and rat SUR1 (GenBank accession no. L40624) were used in this study. Because human Kir6.2 contains two common polymorphisms, E23K and I377V, we used the most common allele at these residues (i.e., E at position 23 and I at position 377). Site-directed mutagenesis of Kir6.2 was performed with the QuikChange XL system (Stratagene). Wildtype and mutant mRNAs were expressed in Xenopus laevis oocytes as described in ref. 9 . Currents were recorded 1-3 days after injection with 0.1 ng of wild-type or mutant Kir6.2 mRNA and Ϸ2 ng of SUR1 mRNA (giving a 1:20 ratio). For each batch of oocytes, all mutations were injected to enable direct comparison of their effects.
Two-Electrode Voltage-Clamp Studies. Whole-cell currents were recorded from intact oocytes in response to voltage steps of Ϯ20 mV from a holding potential of Ϫ10 mV, and they were filtered at 1 kHz and digitized at 4 kHz. Oocytes were constantly perfused at 20-24°C with solution containing 90 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , and 5 mM Hepes, pH 7.4 with KOH. Metabolic inhibition was produced by 3 mM Na-azide. Tolbutamide (0.5 mM) was tested on all oocytes to confirm that the observed current flowed through K ATP channels.
Patch-Clamp Studies. Macroscopic currents were recorded from giant excised inside-out patches by using the patch-clamp technique. Currents were filtered at 0.15 kHz and digitized at 0.5 kHz. The pipette solution contained 140 mM KCl, 1.2 mM MgCl 2 , 2.6 mM CaCl 2 , and 10 mM Hepes, pH 7.4 with KOH. The internal (bath) solution contained 107 mM KCl, 1 mM K 2 SO 4 , 10 mM EGTA, and 10 mM Hepes, pH 7.2 with KOH, and nucleotides as indicated). All experiments were carried out in the absence of Mg 2ϩ to prevent the activating effects of nucleotides mediated by SUR1 (3). Rapid exchange of internal solutions was achieved with a sewer pipe system. Experiments were conducted at 20-24°C. The macroscopic slope conductance, G, was measured between Ϫ20 and Ϫ100 mV (9) . ATP concentrationresponse curves were fit with the Hill equation:
h ), where [ATP] is the ATP concentration, IC 50 is the ATP concentration at which inhibition is half maximal, and h is the slope factor (Hill coefficient). To control for possible rundown, G c was taken as the mean of the conductance in control solution before and after ATP application.
Single-channel currents were recorded from small inside-out membrane patches at Ϫ60 mV, filtered at 5 kHz, and sampled at 20 kHz. Open probability was determined (in the absence of ATP) from current records of Ϸ1-min duration shortly after patch excision as I͞iN, where I is the mean macroscopic current, i is the single-channel current, and N is the number of channels (taken as the maximum number of open levels). For heterozygous channels (Fig. 1C) , the mean P O represents the average of all types of channels (͗P O ͘).
Data Analysis of Heterozygous Channels. For analysis of heterozygous channels, we assumed independent mixing of wild-type and mutant subunits. Thus, the relative numbers of K ATP channels with different subunit compositions (Fig. 1C) were expected to follow the binomial distribution as described in refs. 2 and 10. The values of IC 50,H and P O,H (the intrinsic open probability; i.e., the open probability in the unliganded state) for the heterozygous channel population can then be obtained from the following equations:
where the index, i, denotes the number of mutant subunits (0 Ͻ i Ͻ 4) and IC 50,i and P O,i stand for the IC 50 and P O of channels containing i mutant subunits. Assuming that the energy of the channel open state, O, is simply the sum of the contributions of the four individual subunits in the channel (G O,i ):
The values of IC 50,i and P O,i were estimated from the following equations (for further details see Supporting Text, which is published as supporting information on the PNAS web site):
and
where P MAX denotes the maximum (intraburst) open probability, A S denotes the contribution of interburst closures to the channel open probability, and the parameter is the difference in the contribution of the individual channel subunit j (1 Ͻ j Ͻ 4) to the energy of the open state (G O, j ) between the mutant (G O,M, j ) and the wild-type (G O,WT, j ) channel:
The values of (0.62), P MAX (0.86), and A S (0.62) were calculated from Eqs. 4-6 by using measured parameters for wild-type and homomeric mutant channels; the values of IC 50 and P O for all individual species of heteromeric channels were determined from Eqs. 4 and 5 and for the heterozygous channel population from Eqs. 1 and 2.
Results and Discussion
To examine the functional differences between the two classes of mutations, we expressed wild-type or mutant human Kir6.2, together with SUR1, in Xenopus oocytes (9) . We first compared the effect of mutations on the properties of homomeric channels composed of a single type of Kir6.2 subunit. We then simulated heterozygosity by coxpressing a 1:1 mixture of wild-type and mutant Kir6.2 mRNAs with SUR1, which is expected to result in a mixed population of channels containing different ratios of wild-type and mutant subunits ( Fig. 1C ): We refer to this population as heterozygous channels.
Unlike Wild-Type Channels, Mutant KATP Channels Are Not Closed by
Resting ATP Levels. When expressed in Xenopus oocytes, wild-type K ATP channels are normally closed but they are activated by metabolic inhibitors, such as azide, which lower intracellular ATP ( Fig. 2 ). In contrast, significant resting whole-cell K ϩ currents are present in oocytes expressing homomeric Q52R, V59G, or R201C (homQ52R, homV59G, and homR201C, respectively) ( Fig. 2 and Table 1 ). This result suggests that metabolism causes less block of mutant K ATP channels than wild-type channels. Whole-cell homV59G and homQ52R currents were not increased further by azide application, as if these channels are fully activated at rest and insensitive to metabolically induced changes in nucleotides. However, homR201C channels were enhanced by azide, suggesting that they are more ATP-sensitive than homV59G and homQ52R channels. For heterozygous channels (hetV59G, hetQ52R, and hetR201C), hetV59G and hetQ52R resting whole-cell currents were of similar amplitude, constituting Ϸ65% of their homomeric values, but were far larger than wild-type currents (Fig. 2B ). These resting currents were further activated by azide, reaching a final amplitude close to that of both homomeric and wild-type channels. Resting hetR201C currents were smaller than hetQ52R and hetV59G currents but still significantly larger than wild-type ( Fig. 2 and Table 1 ). These differences in resting current probably account for the difference between the mild and severe forms of the disease because they may be expected to hyperpolarize the patients' cells and thereby influence electrical activity and cell function to differing extents.
The Molecular Basis of Disease Severity. To explore the molecular basis of the different metabolic sensitivities, we examined the ability of ATP to block wild-type and mutant channels in inside-out patches (Fig. 3) . All homomeric mutant channels were substantially less sensitive to intracellular ATP than wild type, the order of potency being WT Ͼ Q52R Ͼ R201C Ͼ V59G ( Table 1 ). The reduced ATP sensitivity is expected to contribute to the larger resting whole-cell K ATP currents. Although all homomeric mutant channels showed markedly reduced ATP sensitivity, significant differences were observed for heterozygous channels (Fig. 3B ). In particular, hetQ52R and hetV59G channels were half-maximally blocked by ATP concentrations of 20-30 M, whereas the ATP sensitivity of hetR201C channels was higher (11 M) ( Table 1 ). The different ATP sensitivities of the heterozygous channels parallel the variation in resting wholecell currents observed for these channels in oocytes and underlie the difference between the mild and severe forms of disease. In previous studies using the mouse Kir6.2 clone, we were unable to detect a significant change in the ATP sensitivity of the heterozygous channel population with the R201H mutation (4). We therefore tested the effect of the R201H mutation in the human Kir6.2 clone. We found that ATP produced a halfmaximal block of homomeric R201H channels at 298 Ϯ 25 M (n ϭ 5), and of the heterozygous channel population at 12.5 Ϯ 1.1 M (n ϭ 5). The latter value is close to that found for hetR201C, which also causes mild disease, and significantly less than that found for mutations associated with severe disease.
In pancreatic beta cells, an increase in K ATP current will hyperpolarize the plasma membrane and suppress electrical activity, which will lead to a reduction in insulin secretion and, thereby, diabetes (11) . Although the ATP concentration causing half-maximal block of hetR201C channels is only slightly greater than that found for wild-type channels (11 M vs. 7 M) (Table  1) , the magnitude of the relative current at 0.1 mM ATP is Ϸ2.5-fold larger (0.1 Ϯ 0.02, n ϭ 5, compared with 0.04 Ϯ 0.01, n ϭ 6, respectively) (Fig. 3B ). Because [ATP] i is unlikely to fall below 0.1 mM in beta cells, even when extracellular glucose is low (12) , the difference in wild-type and mutant K ATP current at this (and higher) ATP concentration probably explains why the R201C and R201H mutations result in neonatal diabetes. Accumulating evidence implicates small changes in K ATP current with impaired insulin secretion (11) . In particular, a 4-fold reduction in the ATP sensitivity of Kir6.2 produces severe neonatal diabetes in transgenic mice (13) . Mutations in metabolic genes, such as glucokinase (GCK), also result in a larger K ATP current (14) , reduced insulin release (15) at a given glucose concentration, and maturity onset diabetes of the young in humans (16, 17) . It is also pertinent that a common polymorphism (E23K) in KCNJ11 is associated with an increased risk of type 2 diabetes in humans (18) . The functional effects of this polymorphism remain controversial (19, 20) , but our finding that neonatal diabetes (a far more dramatic phenotype) is produced by only a subtle shift in the ATP concentration-inhibition curve suggests that the effects of a Kir6.2 gene variant predisposing to diabetes in later life may be hard to discern experimentally, particularly in the heterozygous state.
All mutations cause neonatal diabetes, but only some of them are also associated with developmental delay, muscle weakness, and epilepsy (4-6). Our results show that disease severity is correlated with the extent of K ATP channel block by ATP and with the magnitude of the whole-cell K ATP current under resting conditions. Kir6.2 is not expressed only in the beta cell; it is also found in other endocrine cells, skeletal muscle, cardiac muscle, and neurones throughout the brain (21) (22) (23) . In many of these tissues, K ATP channels are normally silent and open only under metabolic stress. Thus, a greater reduction in ATP sensitivity is required to increase the resting K ATP current sufficiently to influence electrical activity. This may explain why mutations that produce a small decrease in the ATP sensitivity of heterozygous channels (R201C and R201H) result in neonatal diabetes alone, whereas those causing a greater reduction (Q52R and V59G) are associated with severe disease.
Kir6.2 is strongly expressed within the hippocampus, cerebellum, and basal ganglia and at lower levels in cortex (23, 24) . Further studies at the organ͞whole-animal level are needed to explain precisely how the severe mutations in Kir6.2 lead to epilepsy, developmental delay, muscle weakness, and dysmorphic features. However, clonic-tonic epilepsy, like that found in severe disease, is usually associated with enhanced cortical or hippocampal activity (25) . In our case, it is most simply explained as a result of overactivity of K ATP channels in GABAergic interneurones (26) , which results in a reduced inhibitory tone and a predisposition to seizure. Consistent with this idea, K ATP channels in the hippocampus are expressed in most inhibitory interneurones but only in a minority of excitatory pyramidal neurones (27) , and the K ATP channel opener diazoxide inhibits firing of interneurones but not pyramidal cells (28) . The observed muscle weakness could be of neurological or muscle origin, because Kir6.2 is expressed in both skeletal muscle and peripheral nerve. Interestingly, although Kir6.2 is expressed in the heart, no marked effects were observed in the ECG (4), which agrees with studies on transgenic mice expressing Kir6.2 with reduced ATP sensitivity, which also have a normal ECG (29) .
Our results suggest that, in addition to their neurological features, patients with severe mutations might have greater impairment of beta cell function and thus more severe diabetes than those with mild mutations. Because subjects with mild mutations, such as R201H, do not show any insulin increment with i.v. glucose or glucagon (4), it would not be possible to detect a more severe defect. However, consistent with this idea, R201H subjects do produce insulin in response to sulfonylureas (4, 6) , but no insulin increment was seen in either of the two patients with neurological features who have been tested (E. R.
Pearson and A. T. Hattersley, personal communication).
Effects of PNDM Mutations on Single-Channel Kinetics. Why does the Q52R mutation cause a greater shift in the ATP sensitivity of the heterozygous channel than the R201C mutation, despite the similar ATP sensitivities of the homomeric channels? To answer this question, we recorded single-channel currents in inside-out membrane patches in ATP-free solution, where the intrinsic gating of the channel can be assessed. Fig. 4 shows that the open probabilities of the mutant channels in the unliganded state, P O (0), were strikingly different. Thus, the P O (0) of homomeric channels containing the R201C mutation was not significantly different from wild-type, whereas that of homQ52R and homV59G channels was substantially greater (Table 1) . It is well documented that an increase in P O (0) reduces the ability of ATP to close the K ATP channel (30, 31) . Thus, mutations at residue 201, which lies within the putative ATP-binding site (8) , probably act by reducing ATP binding per se, whereas the Q52R and V59G mutations appear to decrease ATP sensitivity indirectly, by favoring the open conformation of the channel. Because V59G channels have a much lower ATP sensitivity than Q52R channels, despite a similar P O (0), the V59G mutation is also likely to affect ATP binding and͞or the mechanism by which ATP binding is transduced into channel closure. The data are also consistent with a role for the slide helix, within which residue 59 resides, in Kir channel gating.
Lipids, such as PIP 2 , increase the P O (0) and reduce the ATP sensitivity of the K ATP channel (32) . To determine whether the V59G mutation affects P O (0) directly or indirectly by means of an increase in PIP 2 binding, we used neomycin, a polycation that binds to PIP 2 , closes K ATP channels and has been used to evaluate PIP 2 affinity (33). In 3͞3 patches, 100 M neomycin did not alter Kir6.2-V59G͞SUR1 currents over 5-10 min (data not shown). This finding is consistent with the idea that the V59G mutation affects P O (0) directly, rendering gating insensitive to PIP 2 modulation.
Given that the K ATP channel pore is composed of four Kir6.2 subunits (2), in the heterozygous state most channels will contain a mixture of wild-type and mutant subunits (Fig. 1C) . Because ATP binding to a single subunit is sufficient to close the channel 
Wild-type 0.07 Ϯ 0.01 (8) (10), channels will exhibit a substantially reduced ATP sensitivity only when all four subunits are mutant (i.e., in Ϸ1͞16th of channels in the heterozygous state, if the number of mutant subunits in the tetramer is binomially distributed). This finding explains why mutations in the ATP-binding site, like R201C, cause only a small shift in the ATP concentration-inhibition curve of heterozygous channels.
An empirical indication of the extent of intrinsic channel opening in the mixed population of channels that is expected when wild-type and mutant cDNAs are coexpressed is given by the mean P O (0) (͗P O (0)͘; see Materials and Methods). As Table  1 shows, ͗P O (0)͘ was significantly higher for hetQ52R and hetV59G channels than wild type. These mutations therefore reduce the free energy of the open state in the heterozygous channel population. We simulated an ensemble of Kir6.2 tetramers containing a binomial mix of wild-type and mutant subunits exhibiting free energy additivity in their effects on gating (see Materials and Methods and Supporting Text). The ͗P O (0)͘ of hetQ52R channels is predicted to be 0.73, in excellent agreement with the experimental observation (0.70) ( Table 1) , and the predicted half-maximal inhibitory [ATP] is 22 M (observed 23 M). Thus, the lower ATP sensitivity of hetQ52R channels is consistent with an additive energetic influence of mutant and wild-type subunits on channel gating and, thereby, ATP sensitivity. In the case of the V59G channels, simulations suggest that the mutation must affect both gating and ATPbinding͞transduction and indicate that the latter effect is largely suppressed in heterozygous channels containing wild-type subunits (as is the case for hetR201C). These findings explain why hetQ52R and hetV59G channels have similar ATP sensitivities despite the very different ATP sensitivities of the homomeric channels.
The results we have described thus far predict that the second mutation at V59 (V59M), which is also associated with severe disease, will have an increased intrinsic open probability, whereas the R201H mutation, which, like R201C, causes PNDM alone, will not. Consistent with this idea, the P O (0) of homV59M channels was 0.83 Ϯ 0.1 (n ϭ 5), significantly different from wild-type (P Ͼ 0.001), whereas there was no significant difference in the P O (0) between wild-type and R201H channels.
Mutations May Differentially Alter Sulfonylurea Efficacy. Our finding that Kir6.2 mutations produce neonatal diabetes by different molecular mechanisms may have implications for therapy. We observed that 500 M tolbutamide blocked azide-activated whole-cell currents by 89 Ϯ 1% (n ϭ 12), 65 Ϯ 5% (n ϭ 9), and 4 . Effects of mutations on single-channel currents. Single KATP channel currents were recorded at Ϫ60mV from inside-out patches excised from oocytes coinjected with mRNAs encoding SUR1 plus either wild-type or mutant Kir6.2, as indicated. channels, respectively. This difference is consistent with previous reports that mutations that enhance intrinsic K ATP channel opening reduce the inhibitory efficacy of sulfonylureas (30) . Thus, our results indicate that, whereas sulfonylureas may provide a valuable alternative to insulin injections for patients with mild mutations (like R201) (4, 6) , those patients with mutations affecting intrinsic gating may require more intensive drug therapy or a combination of drug and insulin therapy.
Conclusions
Our results demonstrate that KCNJ11 mutations that cause a small decrease in the ATP sensitivity of heterozygous K ATP channels result in neonatal diabetes alone, whereas those that produce a greater reduction in ATP-sensitivity are associated with additional symptoms. The molecular mechanism by which a mutation affects the channel ATP sensitivity determines the severity of its effect in the heterozygous state, with those mutations that influence gating producing larger effects on ATP sensitivity, and a more severe disease phenotype, than those that lie in the putative ATP-binding site. Our results also suggest that the efficacy of sulfonylurea therapy may vary with genotype.
